G protein β subunits (Gβ) play essential roles in phototransduction as part of G protein βγ (Gβγ) and regulator of G protein signaling 9 (RGS9)-Gβ₅ heterodimers. Both are obligate dimers that rely on the cytosolic chaperone CCT and its co-chaperone PhLP1 to form complexes from their nascent polypeptides. The importance of PhLP1 in the assembly process was recently demonstrated in vivo in a retinal rod-specific deletion of the Phlp1 gene. To test whether this is a general mechanism that also applies to other cell types, we disrupted the Phlp1 gene specifically in mouse cones and measured the effects on G protein expression and cone visual signal transduction. In PhLP1-deficient cones, expression of cone transducin (G t2 ) and RGS9-Gβ₅ subunits was dramatically reduced, resulting in a 27-fold decrease in sensitivity and a 38-fold delay in cone photoresponse recovery. These results demonstrate the essential role of PhLP1 in cone G protein complex formation. Our findings reveal a common mechanism of Gβγ and RGS9-Gβ₅ assembly in rods and cones, highlighting the importance of PhLP1 and CCT-mediated Gβ complex formation in G protein signaling.
Introduction
The rod and cone photoreceptor cells of the retina mediate vertebrate vision. These cell types are designed for light detection under different conditions. Rods are high-sensitivity sensors capable of detecting single photons, while cones are lower-sensitivity sensors with a broader dynamic range and faster response kinetics [1] . The two cell types express different visual pigments, with rods expressing rhodopsin and cones expressing up to three distinct cone opsins.
The visual pigments are seven transmembrane receptors that couple to heterotrimeric G proteins to initiate a cascade of molecular events that convert photon absorption by the chromophore 11-cis-retinal into a neural response in the retina [2] .
Two important components of the visual signaling cascade are the G protein β and γ subunit heterodimer (Gβγ) and the regulator of G protein signaling 9 (RGS9)-G protein β 5 subunit (Gβ 5 ) heterodimer. Gβγ forms the visual G protein transducin heterotrimer (G t ) by binding the transducin α subunit (Gα t ) and enhancing receptor-mediated GTP exchange on Gα t [3] . RGS9-Gβ 5 plays a key role in photoresponse recovery by interacting with Gα t -GTP and accelerating GTP hydrolysis [4] . Both complexes are obligate dimers, meaning that neither subunit can achieve a stable native state in the absence of the other [5, 6] . As a result, dimer formation must be assisted by the cellular chaperone system.
Research into Gβγ and RGS9-Gβ 5 assembly has shown that the cytosolic chaperonin containing tailless complex polypeptide 1 (CCT) and its co-chaperone, phosducin-like protein 1 (PhLP1), are required for Gβγ and RGS9-Gβ 5 dimer formation [7] . However, these studies were all performed in cultured cells, leaving questions about their in vivo relevance. To address these questions, the Phlp1 gene (also abbreviated Pdcl) was specifically deleted in mouse retinal rods using Cre recombinase-LoxP recognition sequence (Cre-LoxP) gene targeting [8] . PhLP1 deletion caused a striking loss of both Gβγ and RGS9-Gβ 5 in rods, resulting in reduced sensitivity, decreased amplification rate and prolonged recovery time in rod photoresponses. These findings demonstrated that PhLP1 is required for Gβγ and RGS9-Gβ 5 assembly in rods and suggested that this mechanism could be shared in other cell types. To test this possibility, we generated a mouse line in which the Phlp1 gene was disrupted specifically in cone photoreceptors. Cones express a different Gα t (Gα t2 ) and a different Gβγ pair (Gβ 3 γ c ) than rods [9] [10] [11] , and they express the same RGS9-Gβ 5 dimer but at higher concentration [12] . These differences contribute to the unique cone photoresponse sensitivity and kinetics [13, 14] . Thus, this mouse allowed us to test the generality of PhLP1-mediated Gβγ and RGS9-Gβ 5 assembly in a different cell type with a different Gβγ pair and a unique set of G protein signaling properties. We found that PhLP1 deletion caused a marked reduction in expression of G t2 and RGS9-Gβ 5 complexes in cones, which resulted in a major disruption of cone photoresponses. These findings demonstrate that PhLP1 and CCT-dependent folding and assembly of Gβ subunits into complexes are shared between rods and cones, suggesting that these are general chaperones for Gβ complex formation in neurons.
Materials and Methods

Development of cone Phlp1 gene deletion
All experiments with mice were performed in strict accordance with National Institutes of Health policy on animal use and were approved by the Brigham Young University and Washington University Institutional Animal Care and Use Committees (PHS assurance numbers: A3783-01 and A3381-01, respectively). Mice were provided food and water ad libitum and were euthanized by CO 2 asphyxiation followed by cervical dislocation. Generation of the Phlp1-loxP mouse (PhLP1 F/F ) was described previously [8] . PhLP1 F/F mice were bred with the line expressing Cre-recombinase under control of human red/green (HRGP) pigment gene promoter [15] to achieve conditional knockout of the Phlp1 gene in cone photoreceptors. The HRGP-Cre transgenic mouse expresses Cre-recombinase in both M and S cones in the mouse [15, 16] . The animals were bred to maintain a single heterozygous Cre +/-allele, and they are referred to hereafter as PhLP1 F/F Cre + mice. Genotyping for the Phlp1 F and Cre genes was accomplished by PCR detection of mouse ear clips using primers for Phlp1 F that flanked the LoxP insertion site in intron 3 (f: 5' GAT CAC TTT GAC TGG GGA ATG ATT TTA GGT 3' and r:
5' GAG GTG GTA AGC AGG TGT ACT GGC TGG TTT 3') [8] and primers for HRGP-Cre within the Cre coding sequence (f: 5'-AGG TGT AGA GAA GGC ACT TAG C-3' and r: 5'-CTA ATC GCC ATC TTC CAG CAG G-3') [15] .
To create a mouse line in which the cones were genetically labeled, HRGP-Cre mice were crossed with mice harboring a transgene wherein the expression of enhanced green fluorescent protein (EGFP) is driven by a mouse 5.5 Kb green opsin promoter [17] . The Phlp1 F allele was then bred in to create a knockout that expressed EGFP in the cones. These animals were also bred to maintain a single EGFP allele and are referred to as PhLP1 F/F Cre + EGFP + mice. Genotyping primers were within the EGFP coding sequence (f: 5'-ATG GTG AGC AAG GGC GAG GAG-3' and r: 5'-TGG CGG ATC TTG AAG TTC ACC TTG-3'). PhLP1 F/F Cre + mice were also bred with Gnat1 -/-mice in which the gene for Gα t1 was disrupted [18] , creating a double knockout PhLP1 F/F Cre + Gnat1 -/-mouse line. In the absence of Gα t1 rod phototransduction is blocked, allowing the effects of cone specific deletion of PhLP1 on cone phototransduction to be measured in the absence of rod signaling. Genotyping primers for Gnat1 were a forward primer in exon 3 (5'-TAT CCA CCA GGA CGG GTA TTC-3'), and reverse primer in the neomycin gene (5'-GGG AAC TTC CTG ACT AGG GGA GG-3') that detected the disrupted gene, or a reverse primer in exon 4 (5'-GCG GAG TCA TTG AGC TGG TAT-3') that detected the wild-type gene.
Antibodies
The following antibodies were used in this study. Primary antibodies: PhLP1 [19] , Gβ 1 [20] , RGS9-1 [21] and cone arrestin [22] were made and characterized as described previously by members of our research team. Gα t2 and Gγ c [23] was a generous gift from Dr. Vadim Arshavsky (Duke University). Gα t1 and Gγ 1 (Santa Cruz), Gβ 3 (Sigma), Gβ 5 (Proteintech), and cone M-opsin (Millipore) were from commercial sources. Secondary antibodies: FITCconjugated donkey anti-rabbit (Jackson ImmunoResearch Laboratories), TRITC-conjugated peanut agglutinin (Vector Laboratories), AF555-conjugated goat anti-rabbit (Life Technologies) were all from commercial sources.
Immunohistochemistry and assessment of photoreceptor degeneration
The expression of PhLP1 and other visual signaling proteins in cone photoreceptors was tested by immunocytochemistry as described [8] with some modifications. Briefly, the superior hemisphere of eyes from 30-40 day-old PhLP1 F/F Cre + and control PhLP1 +/+ Cre + mice were cautery-marked for orientation. The eyes were enucleated under ambient illumination without adaptation and the corneas were cut open to allow access of the fixing agent to the interior of the eye. The eyes were immersion-fixed for 1 hr using freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Fixing for 1 hr compared to the 2 hr time used previously [8] increased detection of PhLP1 in cones compared to rods. After fixing, the eyes were cryoprotected overnight in 30% sucrose in 0.1 M phosphate buffer. The cornea and lens were then removed, and the eyecups were embedded in optimal cutting temperature (OCT) compound for cryo-sectioning. Cryo-sections of 12 μm were cut through the optic nerve head along the vertical meridian and were placed on superfrost microscope slides. For direct comparison, eyes from wild type and knockout animals were cryo-sectioned from the same block and were on the same slide for labeling and microscopy. For immunohistochemistry, sections were rinsed in 0.1 M phosphate buffer and blocked for 1 hr using either 10% donkey serum or 10% normal goat serum, 0.1% Triton X-100 in 0.1 M phosphate buffer. For RGS9-1 and Gβ5 samples, epitopes were retrieved prior to blocking by treating with 1% SDS for 10 min followed by three 10 min washes with 0.1 M phosphate buffer. Primary antibodies to PhLP1 (1:100 dilution), Gα t2 , Cryo-sections with intact morphology were used for further analysis to determine cone photoreceptor degeneration by staining with TRITC-conjugated peanut agglutinin (PNA) to determine relative cone size and number in mice of 1 and 9 months of age.
Determination of retinal protein expression
Whole retina extracts were prepared from eyes of age-matched PhLP1 F/F Cre + mice and controls under ambient illumination. These retinas were harvested and placed in ice-cold RIPA buffer (phosphate buffered saline with 1% NP-40 and 6 μl/mL Sigma Protease inhibitor cocktail). The retinas were then passed through an 18G needle 20 times and a 25G needle 10 times to release the proteins. Extracts were centrifuged at 13,800 rpm for 10 min at 4°C to remove cellular debris. Protein concentrations were determined by BCA protein assay, and extracts with equal amounts of protein were resolved on 10% or 14% Tris-glycine-SDS gels or 16.5% Tricine-SDS gels and transferred onto nitrocellulose membranes using an iBlot transfer apparatus (Invitrogen). After blocking with LICOR Blocking buffer for 1 hr, membranes were immunoblotted for each visual protein of interest. The amounts of each protein in the immunoblots were quantified using a LICOR Odyssey near-infrared imaging system and compared to controls.
Assessment of the photoresponse by electroretinography
Electroretinograms (ERGs) were measured under photopic conditions as follows. One-month old mice were first anesthetized with isofluorane and their pupils were dilated by adding a drop of 1% tropicamide for 15 min to the eyes. A recording electrode was placed on the cornea with a reference electrode inserted subdermally in the cheek and a ground electrode subdermally at the base of the tail. ERG responses were measured using an Ocuscience HMsERG system. Mice were first light adapted for 10 min at a rod-saturating light intensity of 30 cdÁs m
˗2
. Full-field photopic ERG recordings of both PhLP1 ty-response data were fitted with the Naka-Ruston function [24] : R = (R max • I n ) / (I n + I n 1/2 ) in which R is the transient-peak amplitude of response, R max is the maximal response amplitude, I is the flash intensity, n is the Hill coefficient, and I 1/2 is the half-saturating light intensity. In this case, optimal fits were achieved when the Hill coefficient was set to 1.
ERGs were also measured under scotopic conditions as follows. One-month old mice were dark-adapted overnight and then treated as above without any light adaptation. Full-field scotopic ERG recordings of both PhLP1 
Optomotor responses
Gnat1
-/-mice were measured using a two-alternative forced-choice protocol [26] . The Optomotry system (Cerebral Mechanics) consisted of a square array of four computer monitors with a pedestal in the center where the mouse was placed. A television camera mounted above the animal was used to observe the mouse but not the monitors. Using a staircase paradigm, rotating stimuli (sine-wave vertical gratings) were applied on the monitors where they formed a virtual cylinder around the mouse [27] . The mouse responded to the stimuli by reflexively moving its head in the direction of the rotation. Optomotor responses were measured under photopic background illumination (1.85 log cd m -2 ). Visual acuity was defined as the threshold for spatial frequency (Fs) of gratings with 100% contrast and measured at the speed (Sp) of 12°/s. At this setting, Fs was gradually increased by the computer protocol until its threshold was determined. Temporal frequency (Ft) was automatically adjusted by the computer program, based on the following equation: Ft = Sp Á Fs [26] . Contrast sensitivity was defined as the inverse of contrast threshold for optomotor responses. At this setting, contrast of the stimuli was gradually decreased by the computer protocol until its threshold was determined. Fs was fixed at 0.128 cyc/deg, Ft was set to 1.5 Hz, and Sp was 12°/s. Data were analyzed using independent two-tailed Student's t-test, with an accepted significance level of p < 0.05.
Transretinal ERG recordings
Transretinal ERG recordings were performed as described previously [28] . Briefly, 35-40 dayold PhLP1
-/-and PhLP1
-/-mice were dark-adapted overnight and then whole retinas were removed from dissected eyecups under infrared illumination. A single retina was placed on the perfusion chamber, between two electrodes connected to a differential amplifier. The retina was perfused with Locke's solution (112.5 mM NaCl, 3.6 mM KCl, 2.4 mM MgCl 2 , 1.2 mM CaCl 2 , 10 mM HEPES (pH 7.4), 20 mM NaHCO 3 , 3 mM Na succinate, 0.5 mM Na glutamate, 20 μM EDTA, and 10 mM glucose). The perfusion solution was supplemented with 1 mM L-glutamate and 40 μM DL-2-amino-4-phosphonobutyric acid (DL-AP4) to block the postsynaptic components of the photoresponse [29] and 70 μM BaCl 2 to suppress the slow glial PIII component [30] . The solution was continuously bubbled with a 95% O 2 /5% CO 2 mixture and heated to 36-37°C. The second retina was stored in oxygenated perfusion solution at room temperature until used, typically within 20-30 min. Cone-driven responses were recorded using 20 ms test flashes of calibrated 505 nm LED light and its intensity was controlled by an LED-driver and computer in 0.5 log unit steps.
Photoresponses were amplified by a differential amplifier (DP-311; Warner Instruments), lowpass filtered at 300 Hz (8-pole Bessel) and digitized at 1 kHz. The intensity-response data were fitted with the Naka-Rushton function as described above, but leaving the Hill coefficient n as a variable parameter.
Results
Confirmation of PhLP1 deletion in cones
To assess the role of PhLP1 in the assembly of Gβ 3 γ c and RGS9-Gβ 5 in cone photoreceptors, we created a cone-specific knockout of Phlp1 by crossing the PhLP1-loxP (Phlp F/F ) mouse [8] with the HRGP-Cre mouse in which expression of Cre recombinase in M-and S-cones is driven by the human cone red-green opsin promoter [15, 16] . Cre-mediated recombination causes the loss of the translation initiation site of PhLP1, thus removing PhLP1 from cones as soon as the opsins are expressed. the same cones with PhLP1 immunofluorescence (red) and the EGFP fluorescence (green), which was found predominantly in the nuclear region (Fig. 1B) . A few PhLP1-labeled cone inner and outer segments showed little EGFP fluorescence because the cell body was out of the confocal plane. In the knockout mice, PhLP1 staining was essentially absent in cones, while background staining in rods and inner retinal cells remained. This result shows that PhLP1 protein expression was specifically lost in the cones of the PhLP1 F/F Cre + EGFP + animals.
PhLP1 is not required for cone viability
In rod-specific knockouts, loss of PhLP1 resulted in measurable degeneration of the photoreceptor layer after one month and nearly complete loss of photoreceptors by 6 months [8] . This degeneration was evident by shortening of the photoreceptor outer segments as well as loss of nuclei. To determine if a similar effect would be seen in cone knockouts, we stained cones of one month and nine month old mice with a TRITC-conjugated PNA, which stains the exterior of cone inner and outer segments [31] . PhLP1 F/F Cre + and PhLP1 +/+ Cre + mice showed similar number and size of cone cells in both one and nine month old animals (Fig. 1C) , indicating that PhLP1deletion did not cause significant cone degeneration up to nine months of age.
PhLP1 deletion causes a decrease in cone G t
Although their overall mechanism for G protein signaling is the same, rods and cones express different G t heterotrimers. Rod photoreceptors use Gα t1 , Gβ 1 and Gγ t1 , whereas cones use Gα t2 , Gβ 3 and Gγ c . Thus, the deletion of PhLP1 in cones allowed an evaluation of the contribution of PhLP1 to Gβ 3 Gγ c assembly in vivo. We first measured the expression of the cone G t subunits in PhLP1 F/F Cre + and PhLP1 +/+ Cre + mice by immunohistochemistry. The PhLP1 F/ F Cre + mice showed a marked decrease in immuno-labeling of Gα t2 , Gβ 3 and Gγ c in the cones (Fig. 2) , indicating that expression of the cone G t subunits was substantially reduced. In addition, the residual Gα t2 was mislocalized in the absence of PhLP1, with more staining in the cell body and less staining in the outer segment. The effect appeared specific for the cone G t subunits because there was no difference in cone M-opsin expression or localization.
To further assess the effects of PhLP1 deletion on cone G t expression, whole retina extracts were immunoblotted for cone G t subunits, other cone proteins and rod G t subunits. Gα t2 and Gγ c were both reduced significantly in the PhLP1 knockout, while Gβ 3 was not (Fig. 3) . The lack of change in Gβ 3 expression in whole retina was not unexpected since the PhLP1 deletion was limited to cone cells, and Gβ 3 is also expressed in other retinal cell types [32, 33] . Whole retina expression of PhLP1 itself was consistently decreased by 40% (Fig. 3) despite the fact that there are 30-fold fewer cones than rods in the mouse retina and that PhLP1 is expressed in other retinal cell types [34] . This observation suggests that cones express a higher concentration of PhLP1 than rods and other retinal cells, a finding that is consistent with the intense immuno-labeling of PhLP1 in cones (Fig. 1B) . The expression of other cone proteins, M-opsin and cone arrestin, was unchanged in the absence of PhLP1 (Fig. 3B) , indicating that the loss of PhLP1 specifically affected cone G t subunit expression and not cone protein expression in general. Rod G t subunit expression was also unchanged, demonstrating that the effect was limited to cones. PhLP1 deletion causes a decrease in cone RGS9-Gβ 5 We previously observed that PhLP1 deletion in rods caused a striking >95% decrease in RGS9-Gβ 5 expression in those cells, most likely because of an inability to form RGS9-Gβ 5 dimers [8] .
The cone-specific PhLP1 deletion provided an opportunity to test whether this strict PhLP1 dependence for RGS9-Gβ 5 assembly also applies to cones. To address this question, we measured the effect of PhLP1 deletion on Gβ 5 and RGS9 expression in cones by immunohistochemistry. We again used EGFP expressing cones to distinguish between cone and rod expression because the extensive Gβ 5 and RGS9 expression in rods can mask changes in their expression in cones.
In the PhLP1 +/+ Cre + EGFP + control mice, expression of RGS9 was clearly observed in cone outer segments as evidenced by the RGS9 labeling (red) in the outer segments of the EGFP- labeled (green) cones (Fig. 4A) . In contrast, the PhLP1 F/F Cre + EGFP + knockout mice showed virtually no RGS9 in the outer segments of the EGFP-labeled cones, indicating that RGS9 expression was substantially decreased in PhLP1-deficient cones. We applied the same strategy to assess Gβ 5 expression in cones and observed a similar result (Fig. 4B) . The number of EGFP-labeled cones with Gβ 5 -labeled outer segments was much less in the PhLP1-deficient cones than in the wild-type cones, indicating expression of Gβ 5 in cones was impaired in the absence of PhLP1. This decrease in both RGS9 and Gβ 5 expression in PhLP1-deficient cones argues that RGS9-Gβ 5 dimer formation is as dependent on PhLP1 in cones as it is in rods. We attempted to confirm the decreased expression by immunoblotting whole retinal extract for Gβ 5 and RGS9, but saw no differences (Fig. 3B ) most likely because the Gβ 5 and RGS9 expression in rods and the high rod to cone ratio in mouse retina negated our ability to detect their changes in cones.
PhLP1 knockout results in decreased cone phototransduction
The loss of cone G protein and RGS protein expression would be expected to have a profound effect on phototransduction in cones. To test this possibility, we performed a full-field ERG analysis on PhLP1 F/F Cre + and PhLP1 +/+ Cre + mice. Photopic ERG responses, which rely on cone function in bright light, were significantly reduced in PhLP1 F/F Cre + mice compared to control mice, as evidenced by the decreased cone b-wave amplitudes (Fig. 5A) . The stimulusresponse curve showed a nearly 10-fold decrease in sensitivity, as evidenced by the increased light-intensity required to produce a half-maximal response (I 1/2 ) in the PhLP1-deficient animals ( Fig. 5C and Table 1 ). This decrease in sensitivity prevented us from obtaining clearly saturated responses from PhLP1 F/F Cre + cones even with the brightest test flash available in our optical stimulator. However, the estimated maximal response amplitude, R max , produced from fitting the data was not statistically different between the two mouse lines (Table 1) . In contrast to the reduced sensitivity observed with the photopic responses, scotopic ERG responses, which stem from rod vision under dark-adapted conditions, were essentially identical in the PhLP1 F/F Cre + and PhLP1 +/+ Cre + mice (Fig. 5B) . The sensitivity and amplitude of both the scotopic a-and b-waves were not different in the knockout mice ( Fig. 5D and E) , indicating that rod function was unaffected by the cone-specific PhLP1 deletion. These ERG results demonstrate that cone vision is severely impaired in cone-specific PhLP1 knockout mice, as would be expected from the loss of cone G t and RGS9-Gβ 5 complexes.
To clearly isolate cone photoresponses and overall photopic vision from the dominant rod contribution, we bred the PhLP1 F/F Cre + line onto a Gα t1 knockout background (Gnat1 -/-), which removes the Gα t1 subunit from rod cells and thus eliminates rod signaling without causing photoreceptor degeneration [35] . These mice were first tested for photopic visual acuity and contrast sensitivity by their optomotor responses to rotating grid stimuli [8] . We found that PhLP1 F/F Cre + Gnat1 -/-mice had a~2-fold lower visual acuity at the unattenuated luminance level from the computer monitors, as compared to PhLP1 +/+ Cre + Gnat1 -/-animals ( Fig. 6A) . Moreover, photopic contrast sensitivity of PhLP1 F/F Cre + Gnat1 -/-animals showed even greater impairment with a nearly 14-fold reduction compared to wild-type (Fig. 6B ).
These behavioral results further demonstrate that photopic vision is significantly diminished in mice with PhLP1-deficient cones. Cre + mice under photopic (A) and scotopic (B) conditions. Light intensity values are in log candela seconds per square meter. C) Intensity-response relationships for photopic b-waves (n = 8). Data were fit to the Naka-Ruston function that yielded the parameters in Table 1 . D-E) Intensity-response relationships for scotopic a-waves (D) and scotopic b-waves (E) (n = 4). Data were fit to a double hyperbolic function (30) . All data are means ± SEM. Cones Require PhLP1 for G Protein Assembly
To investigate the effects of PhLP1 deletion on cone signaling more specifically, we measured cone photoresponses by transretinal ERG recordings from dark-adapted mouse retinas using the same line of animals on the Gnat1 -/-background. Synaptic inhibitors were used to facilitate cone recordings by blocking post-photoreceptor components of the photoresponse (see Materials and Methods). Similar to the live animal ERG recordings, dark-adapted cones from 
Gnat1
-/-mice showed substantially decreased light sensitivity compared to wild-type controls ( Fig. 6 C,D) . This phenomenon could be easily seen by comparing the responses at 5.7×10 4 photons μm -2 ( Fig. 6C and D, red traces) . Stimulus-response curves further illustrated the decreased sensitivity, showing a 27-fold increase in I 1/2 in the knockout mice ( Fig. 6E and Table 2 ). By comparison, the reduction in cone sensitivity in isolated retinas was three times greater than that seen in the live animal ERG recordings, providing a more accurate measure of the diminished cone sensitivity given that the transretinal ERG recordings measure cone a-wave responses directly, while the live animal ERGs measure subsequent b-wave responses from downstream bipolar neurons. Similar to the in vivo ERG, saturated cone responses could not be achieved with the PhLP1 (Table 2) , further indicating that the number of cones and length of their outer segments were similar in the two mouse lines as observed in the cone morphology data (Fig. 1C) . From the transretinal ERG data, we were able to assess the effect of PhLP1 deletion on the relative cone phototransduction amplification by comparing the intensities of light required to produce identical dim flash response activation phases. We compared population-averaged fractional responses in the linear range that corresponded to 5 (Fig. 3A, B ).
PhLP1 knockout results in prolonged cone photoresponse recovery RGS9-Gβ 5 is highly expressed in cones and is believed to contribute substantially to the rapid photoresponse recovery rate characteristic of cones [12, 14, 36] . Thus, the loss of RGS9-Gβ 5 upon PhLP1 deletion (Fig. 2B) would be expected to decelerate the cone response recovery. Indeed, there was a striking delay in the recovery phase of the cone photoresponses accompanied by an unusual biphasic waveform (Fig. 6G) . The dim flash recovery time constant (τ rec ) was increased 38-fold (Table 2) , eight times more than was seen upon PhLP1 deletion in rods [8] . This dramatic decrease in the cone response recovery rate is very similar to that observed in RGS9 knockout mice [36] and provides direct evidence that efficient assembly of RGS9-Gβ 5 complex by PhLP1 plays a key role in the rapid kinetics of dark-adapted cone photoresponses.
Discussion
PhLP1 and cone G t function
This study demonstrates the essential role of PhLP1 in mammalian cone physiology by eliminating it specifically in mouse cones. The loss of PhLP1 substantially reduced expression of all three subunits of the cone G t heterotrimer (Figs. 2 and 3) , and resulted in a marked desensitization of photopic photoresponses (Figs. 5 and 6). These findings are similar to those of the rod-specific PhLP1 deletion, which also showed reductions in rod G t subunits resulting from an inability to form Gβ 1 γ 1 heterodimers [8] . Likewise, the observed loss of cone G t can be attributed to an inability to form Gβ 3 γ c dimers in the absence of PhLP1. This observation provides in vivo evidence for the hypothesis, developed from studies in cell culture, that all Gβγ dimer combinations require PhLP1 for assembly [37] . The loss of Gβ 3 γ c leads to a reduction in Gα t2 and its partial mis-localization from the cone outer segment to the inner segment and cell body (Fig. 2) . Interestingly, a recent study of a Gβ 3 knockout mouse showed a similar mis-localization of Gα t2 in the cone inner segment [38] , lending further support to the idea that Gβ 3 γ c plays an important role in the localization of Gα t2 to the outer segment. The reduction in cone G t subunits was accompanied by a substantial deterioration in photopic vision, demonstrated by full-field ERG and visual behavioral tests (Figs. 5 and 6A, B) . This effect was even greater in transretinal ERG recordings, with a 27-fold decrease in light sensitivity of dark-adapted cones and a 5.3-fold decrease in their signal amplification, when all rod signaling was eliminated by Gα t1 deletion ( Fig. 6 and Table 2 ). However, the maximum amplitude of the cone photoresponse was not significantly changed, consistent with our finding that other components of the cone visual cascade such as cone opsins (Fig. 3A, B ) remained unaltered in the PhLP1 knockout. These effects on cone phototransduction are similar to those of the Gβ 3 knockout [38] , supporting the idea that formation of functional Gβ 3 γ c dimers was greatly reduced in the absence of PhLP1.
An additional question concerns the source of the residual cone photoresponse in the PhLP1 knockout. The residual photoresponse showed unusual biphasic kinetics that may reflect two populations of cone transducin, a smaller population with near normal activation kinetics and a larger population with greatly reduced activation kinetics. Perhaps the smaller population represents residual intact G t2 heterotrimers containing Gβ 3 γ c assembled in the absence of PhLP1, while the larger population represents Gα t2 monomers that are activated in the absence of Gβ 3 γ c . A growing body of evidence argues that Gα t monomers can be activated by opsins, albeit less efficiently, from both cone photoresponses in a Gβ 3 knockout [38] and from rod photoresponses in the rod-specific PhLP1 knockout [8] and two Gγ 1 knockout lines [39, 40] . Insight into a possible means of activating Gα t in the absence of Gβγ can be gleaned from the atomic structure of the complex between the G s heterotrimer and an agonist-bound β-adrenergic receptor [41] . In this complex, there were no direct contacts between Gβ 1 γ 2 and the receptor, but interactions between Gβ 1 and the N-terminus of Gα s positioned the N-terminus next to the membrane where it made important contacts with the receptor. In the case of Gα t and opsins, the high concentration of Gα t in rod and cone photoreceptors may permit inefficient activation in the absence of these interactions of Gβγ.
PhLP1 and RGS9-Gβ 5 assembly in cones
Previous work showed that the deletion of either RGS9 or Gβ 5 resulted in complete loss of the other in rod cells and lead to the conclusion that RGS9-Gβ 5 was an obligate dimer [5, 21] . The following parameters are from the fits of the data in Fig. 6 . R max , maximal response amplitude time-to-peak (T peak ) and integration time (T integr. ) refer to responses whose amplitudes were < 0.2 R max and fell within the linear range S f(n), normalized dim flash fractional sensitivity (amplitude of dim flash response divided by flash strength and then normalized for the amplitude of Hence, the loss of RGS9 and Gβ 5 in the cone-specific PhLP1 knockout (Fig. 2B) is indicative of an inability to form RGS9-Gβ 5 heterodimers. This conclusion is supported by the 38-fold prolongation of cone response shutoff time in the absence of PhLP1 (Fig. 6 and Table 2 ). This result parallels findings from cones of RGS9 -/-mice, which showed a 60-fold prolongation of the shut-off time [36] . The similar degree of these effects indicates that RGS9-Gβ 5 complexes are severely depleted in PhLP1-deficient cones. Thus, our results demonstrate that the assembly of the RGS9-Gβ 5 complex in cones is critically dependent on PhLP1.
The same loss of both Gβ 5 and RGS9 in the absence of PhLP1 was also observed in rods [8] , although the 5-fold increase in rod shutoff time was less striking [8] . Several studies have shown that cones express higher levels of RGS9-1 and Gβ 5 than rods, which is believed to contribute to the rapid recovery kinetics of cone responses [12, 14] . Perhaps the higher expression of PhLP1 that we observed in cones (Figs. 1 and 3 ) supports a greater demand for RGS9-Gβ 5 assembly in cones.
PhLP1 and cone viability
PhLP1 deletion in mouse rods results in fairly rapid photoreceptor degeneration [8] , yet we did not observe a similar degeneration in PhLP1-deficient cones up to 9 months of age (Fig. 1D) . It is believed that rod degeneration in the absence of PhLP1 is caused by the accumulation of Gβ 1 on CCT [8] , eventually causing massive chaperone and proteasomal overload and cell death [42] . The lack of degeneration of PhLP1-deficient cones would suggest that their chaperonin system is not as compromised by the loss of PhLP1. One possibility is that Gβ 3 is more easily cleared from CCT than Gβ 1 . Consistent with this hypothesis, Gβ 3 has been shown to have lower affinity for CCT than Gβ subunit isoforms 1, 2, and 4 [43] . Alternatively, rod-derived survival factors may maintain cone viability [44, 45] despite possible insults to the cone proteome from diminished CCT function in the absence of PhLP1.
In summary, the deletion of PhLP1 in cone photoreceptors results in the loss of cone G t heterotrimers and RGS9-Gβ 5 dimers and leads to a marked reduction in cone light sensitivity and a greatly retarded photoresponse recovery. These findings parallel those of the PhLP1 deletion in rod photoreceptors [8] , demonstrating a common mechanism of Gβγ and RGS9-Gβ 5 formation in rods and cones. The results predict that PhLP1-and CCT-mediated assembly of these complexes is shared in other neurons, where PhLP1 is also expressed [46] , highlighting the general importance of these chaperones in neuronal G protein signaling.
